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I. INTRODUCTION 
This final report is written in three sections. The first two draw 
attention to work reported in detail in the Third Quarterly Progress 
Report and the third Section describes ongoing work which has not been 
previously discussed in a Progress Report. 
11. DOORWAY MIXING 
During the past year we have completed work concerned with mixing, between 
the two layers within a room, which is caused by the currents flowing into 
and out of a doorway. The currents in our experiments modeled those that 
would be produced by a fire of constant heat release rate located within 
the room. The mixing process was more complex than we had expected and 
the work discussed in our Progress Report for the Third Quarter may be 
more closely restricted to the geometry of the room used in the 
experiments than we would like. However, we believe that the correlation 
presented in the Third Quarterly Report will give a useful estimate for 
this mixing process. 
This investigation is completed and no further experimental work along 
these lines is planned for the coming year. We will continue to examine 
the data and will develop a computer model for use in Room-Fire Codes. 
111. FIRE IN CEILING LAYER 
The Progress Report for the Third Quarter also included a description of 
our work, accomplished in the 1983-84 contract period, on the heat release 
in the ceiling layer when a flame extends far into that layer. The 
results presented there are not as accurate as we want because our tools 
for chemical analysis were not accurate enough or complete enough to give 
us an accurate picture of the chemical composition within the upper layer 
under the conditions of interest. These problems arose when the fuel air 
ratio of the gases entering the ceiling layer was above the stoichiometric 
value. The most serious problems resulted because we did not have the 
capability of making measurements of hydrogen gas and water vapor 
concentrations. 
In the current year we will continue this work and will have a new 
instrument, a gas chromatograph, which will allow us to make measurements 
of all of the principal species. (The major cost of this instrument was 
supplied by Caltech.) We anticipate that this instrument will allow us to 
make the accurate determinations of composition required to develop a 
model for this heat release process. Work in this area will be continued 
in the current contract year. 
I V .  G ~ V I T Y  CURRENTS - INITIAL FLOW I N  A CEICING LAYER 
A. INTRODUCTION 
We a r e  i n t e r e s t e d  i n  modeling the  i n i t i a l  motion of smoke and hot gas i n  a 
hallway o r  l a r g e  room when hot gas i s  introduced i n t o  t h e  space e i t h e r  
through an open9ng such a s  a door o r  from a f i r e  located within t h e  space. 
To have a concre te  example i n  mind consider  the  development of t h e  c e i l i n g  
l aye r s  produced by a f i r e  i n  the  two-dimensional s t r u c t u r e  shown i n  the  
sketches of Figure 1. The building c o n s i s t s  of a small  room with an open 
door which leads t o  a long h a l l .  The only opening t o  the  ou t s ide  world i s  
a vent loca ted  on the  wal l  of the  h a l l  and near  the  f l o o r .  
A f i r e  s t a r t s  i n  t h e  small room and smoke r i s e s  t o  form a layer  of hot  gas 
nea r  the  c e i l i n g ,  see  Figure l a .  Several  minutes l a t e r ,  see ( l b ) ,  when 
t h e  f i r e  has reached a l a rge  s i z e ,  t h e  hot gas i n  t h e  room begins t o  s p i l l  
out  under the  door s o f f i t  i n t o  the  adjo in ing hallway. The r a t e  of flow of 
the  hot  gas which e n t e r s  the  h a l l  increases  r ap id ly  and quickly r i s e s  t o  a 
roughly constant  value. 
The outflowing gas forms a buoyant plume, see  ( l b ) ,  which impinges on t h e  
c e i l i n g  of the  h a l l  and produces a t h i n  wa l l  j e t  o r  g r a v i t y  current  which 
flows a t  high speed along the  c e i l i n g .  
The flow i n  t h i s  wal l - je t  is  s u p e r c r i t i c a l ,  i.e., i t s  v e l o c i t y  i s  l a rge r  
than the  speed of a g rav i ty  wave on the  i n t e r f a c e  between the  hot gas and 
t h e  cooler  ambient f l u i d .  The i n t e r a c t i o n  of the  head of t h i s  cu r ren t  
with the  ambient f l u i d  produces a hydraulic  jump i n  the  s u p e r c r i t i c a l  
l aye r ,  shown i n  ( l c ) ,  which e n t r a i n s  a s u b s t a n t i a l  flow of ambient f l u i d .  
The v e l o c i t y  of t h e  gas i n  t h e  g r a v i t y  cu r ren t  which forms downstream of 
the  jump is  slower than t h a t  i n  the  s u p e r c r i t i c a l  l aye r  and i t  conta ins  a 
l a r g e r  mass flow r a t e  due t o  t h e  entrainment process. The cur ren t  has a 
d e f i n i t e  head and some mixing occurs j u s t  behind the  head which r e s u l t s  in  
the  formation of a mixed region between t h e  cu r ren t  and the  ambient flow. 
The current  formed by t h i s  process flows across  the  c e i l i n g  of the  h a l l ,  
see  ( l c  and I d ) ,  wi th  a constant  v e l o c i t y  and depth. The mass flow r a t e  
and depth of f l u i d  a t  a point  j u s t  downstream of the  jump a r e  f ixed by t h e  
p roper t i e s  of t h e  jump, the  condit ions i n  the  flow upstream of t h e  jump, 
and the  p roper t i e s  of the  g rav i ty  current  formed by the  jump. 
A s h o r t  time l a t e r ,  the  f r o n t  of t h i s  cu r ren t  impinges on t h e  f a r  wa l l  of 
t h e  h a l l ,  ( l e ) ,  and r e f l e c t s  a s  a group of waves on the  i n t e r f a c e  which 
propagate back toward the  jump, ( I f ) .  Mixing occurs during the  
impingement process but the  r e f l e c t e d  waves do not  break and hence do not 
cause any f u r t h e r  entrainment of ambient f l u i d  i n t o  the  current .  When t h e  
waves reach the  hydraulic  jump located nea r  the  l e f t  hand s i d e  of t h e  
h a l l ,  t he  jump i s  submerged i n  t h e  hot gas ,  ( l g ) ,  and no f u r t h e r  
entrainment of ambient f l u i d  occurs there .  
Af ter  s e v e r a l  r e f l e c t i o n s ,  the  wave t r a i n  d i e s  out  and a uniform ce i l ing  
l aye r  is  produced i n  the  h a l l .  The l aye r  slowly grows deeper a s  the  hot 
gas continues t o  be supplied t o  the  h a l l  from t h e  f i r e  room. 
Heat t r a n s f e r  from the  hot gas t o  t h e  wa l l  occurs throughout t h i s  flow by 
a convective he%t t r a n s f e r  process. The magnitude of t h e  heat  t r a n s f e r  
r a t e  w i l l  a f f e c t  the  motion of the  cu r ren t ,  s ince  the  buoyancy of t h e  flow 
w i l l  be reduced. 
During t h e  process described above, the  pressure  wi th in  the  two rooms w i l l  
r i s e  due t o  the  t h e  addi t ion  of heat  and the  production of hot  gas  by the  
f i r e .  This preSsure r i s e  w i l l  cause a flow of ambient f l u i d  out of the  
vent  and w i l l  s e t  up a v e l o c i t y  f i e l d  i n  the  ambient f l u i d  remaining i n  
the  two rooms. Other motion i n  the  ambient f l u i d  i s  caused by t h e  passage 
of t h e  g r a v i t y  current  down the  h a l l .  Although the  v e l o c i t i e s  i n  t h e  
ambient f l u i d  a r e  usual ly  small,  under some circumstances they may have 
important e f f e c t s  on the  motion of the  cu r ren t  due t o  the  development of a 
boundary l a y e t  on t h e  c e i l i n g  i n  f r o n t  of t h e  head of the  current .  
The flow described above contains many of the  novel f e a t u r e s  which w e  wish 
t o  examine i n  t h i s  research program. Those which do not f i t  nea t ly  i n t o  
the  two-layer f i r e  models a r e  the  three-dimensional and unsteady geometry 
of t h e  cu r ren t ,  t he  entrainment i n  the  hydraulic  jump, and t h e  mass loss  
i n t o  the  mixing region a t  the  head of the  cu r ren t .  Heat t r a n s f e r  
associa ted  wi th  the  motion of the  cu r ren t  w i l l  a f f e c t  each of these  
processes. However, once the  i n i t i a l  hydraulic  jump is  submerged, t h e  
l aye r  of hot gas wi th in  t h e  h a l l  has approximately a uniform depth and 
dens i ty ,  and can be t r ea ted  by the  simple two-layer model. 
Entrainment a t  t h e  hydraulic  jump can be important. The t o t a l  m a s s  
en t ra ined i n t o  the  current  depends on t h e  entrainment r a t e  a t  the  
hydraulic  jump and on the  period during which i t  w i l l  a c t .  The period is 
f ixed  by the  geometry of t h e  room, and the  v e l o c i t y  of t h e  f r o n t  of the  
cu r ren t  and of t h e  r e f l e c t e d  waves which eventual ly  submerge the  jump. 
These f e a t u r e s  must be included i n  any accura te  model of the  flow. 
F ina l ly ,  t h e r e  a r e  s i t u a t i o n s  i n  which the  motion of the  l aye r  could be 
important. For example, i f  the  g rav i ty  cu r ren t  is deep enough t o  submerge 
an automatic s p r i n k l e r  head, the  motion of the  f r o n t  w i l l  determine when 
the  s p r i n k l e r  can be s e t  o f f .  O r ,  i f  t he  vent  on t h e  r i g h t  hand wal l  of 
Figure 1 had been located a t  c e i l i n g  l e v e l ,  t h e  motion of the  f r o n t  w i l l  
determine the  t i m e  a t  which smoke would f i r s t  leave the  h a l l .  
To summarize, t h e  use of the  simple two l a y e r  model t o  descr ibe  t h i s  flow 
is  inappropr ia te  because the  l aye r  thickness is  not  uniform i n  t h e  h a l l ,  
because considerable mass may be exchanged between t h e  hot  and cooler  
f l u i d  due t o  entrainment a t  the  jump and a t  the  head of the  g rav i ty  
cu r ren t ,  and because heat  t r a n s f e r  from the  l a y e r  t o  the  wa l l  depends on 
and inf luences  the  motion of the  f ron t .  I n  rooms wi th  a height  t o  length  
r a t i o  of 1 o r  2, these  e f f e c t s  a r e  usual ly  small enough and a r e  completed 
i n  so  s h o r t  a time t h a t  they can be ignored. However, i n  a space such a s  
a long hallway o r  l a rge  room, f o r  which t h e  length  t o  height  r a t i o s  can be 
20 t o  50, the  t i m e  required f o r  the  development of t h e  c e i l i n g  l aye r  may 
be long compared wi th  o the r  processes of i n t e r e s t  and t h e  e f f e c t s  of heat  
t r a n s f e r ,  and entrainment may not  be minor. 
The f e a t u r e s  of t h e  flow which must be included i n  a f i re-model  are: 
(1)  t h e  r a t e  of spread of the  g r a v i t y  current  i n  a v a r i e t y  of geometric 
conf igura t ions  and f o r  a range of Reynolds numbers, and t h e  
+ corresponding motion of r e f l ec ted  waves which eventually submerge the  
j U ~ P ,  .x 
(2)  the  geometry of the  current  while i t  i s  spreading throughout t h e  
space, 
(3)  t h e  exchange ( i n  both d i r e c t i o n s )  of ma te r i a l  between the  current  
and t h e  cooler  ambient f l u i d  which may occur a t  t h e  head of t h e  
cur ren t ,  a t  any hydraulic jumps which occur i n  t h e  flow, and a t  t h e  
impact of the  head on a s i d e  wal l ,  and 
(4) t h e  heat  t r a n s f e r  from the  current  t o  the  c e i l i n g  during the  whole 
h i s t o r y  of t h e  f i r e  and the  influence of t h i s  heat  t r a n s f e r  on the  
o the r  three-  processes. 
The aim of the  present  research work is t o  ob ta in  a good physical  
understanding of these  fea tu res  of the flow and t o  develop an ana ly t i c  
model f o r  app l i ca t ion  i n  multi-room f i r e  codes. 
A considerable body of information concerning items 1 and 2 is  ava i l ab le  
f o r  ad iaba t i c  condit ions and f o r  flows i n  simple two-dimensional and 
axisymmetric geometries. This information w i l l  be reviewed i n  Section I V  
B. I n  t h i s  review, w e  w i l l  r e s t r i c t  our a t t e n t i o n  t o  t h e  motion of the  
f r o n t  of a g rav i ty  current  such a s  t h a t  i l l u s t r a t e d  i n  Figures l c  and Id,  
and a l s o  i n  Figure 2, and w i l l  discuss the  i n i t i a l  hydraulic jump, shown 
i n  Figures l c  t o  I f ,  and other  f ea tu res  of the  flow i n  a l a t e r  repor t .  
L i t t l e  da ta  a r e  ava i l ab le  f o r  more complex geometric condit ions of 
i n t e r e s t  t o  us and l e s s ,  concerning t h e  e f f e c t s  of mixing and heat  
t r a n s f e r .  An experimental program has been s t a r t e d  t o  inves t iga te  these 
problem areas  and it w i l l  be described i n  Sections I V  C and D. This 
program has two par t s :  i n  the  f i r s t ,  sa l t -waterfwater  modeling techniques 
a r e  being used t o  study the  e f f e c t s  of geometry and Reynolds number on t h e  
flow. This p a r t  of the  experimental program and preliminary experimental 
r e s u l t s  a r e  presented i n  Section I V  C. 
An important p a r t  of our experimental work w i l l  be t o  obta in  d a t a  f o r  non- 
ad iaba t i c  flows i n  which heat and mass t r a n s f e r  from the  g rav i ty  flow may 
s u b s t a n t i a l l y  a f f e c t  the  flow. Experiments, which make use of hot  a i r  
cu r ren t s ,  have been s t a r t e d  t o  inves t iga te  these  processes and they a r e  
described here i n  Section I V  D. 
B. REVIEW Op ImORMATION CONCERNING GRAVITY CURRENTS 
A body of experimental and t h e o r e t i c a l  work i s  a v a i l a b l e  concerning 
g r a v i t y  cu r ren t s  moving over hor izon ta l  su r faces  because of i n t e r e s t  in  
flows such a s " t h o s e  present  i n  e s t u a r i e s ,  where s a l t  water from the  ocean 
 flows upstream under f r e s h  water outflowing from a r i v e r ,  i n  cooling water 
o u t f a l l  flows from power p lan t s ,  where hot water discharged from a power 
p lan t  flows out  over cooler  r i v e r  o r  ocean water ,  and i n  the  atmosphere, 
where cold f r o n t s  may in t rude  beneath warmer a i r ,  
This work i s  reviewed by J. E. Simpson (1982) and two of the  key papers 
mentioned i n  t h i s  review a r e  Benjamin (1968) and Simpson and B r i t t e r  
(1979). A t h i r d  paper by Wilkinson (1982) conta ins  an important add i t ion  
t o  our understanding of these  flows. Other important papers a r e  included 
i n  t h e  reference  l is t .  
Much of the  information i n  these  papers may no t  be d i r e c t l y  appl icable  t o  
our problems because, the  e f f e c t s  of heat  t r a n s f e r  between t h e  in t ruding 
g r a v i t y  cu r ren t  and the  wal l  have usual ly  been ignored, and because the  
boundary condi t ions  on the  flow of the  ambient f l u i d  may be d i f f e r e n t  i n  
our case than i n  those studied previously. The most commonly inves t iga ted  
flow is one i n  which the  f l u i d  which forms the  g r a v i t y  cu r ren t  is in jec ted  
from the  same end of t h e  co r r idor  a s  t h a t  from which ambient f l u i d ,  
d isplaced by t h e  cu r ren t ,  is withdrawn. Other boundary condit ions f o r  the  
withdrawal of t h e  ambient f l u i d  can be e a s i l y  modeled i n  an inv i sc id  flow 
by making a Gal i lean  transformation,  
However, i n  a r e a l  f l u i d ,  viscous e f f e c t s  w i l l  change t h e  ve loc i ty  p r o f i l e  
nea r  the  wa l l  and have been observed t o  have a l a rge  e f f e c t  on the  
geometry and v e l o c i t y  of the  current .  Clear ly ,  the  simple Gali lean 
transformation w i l l  not allow us t o  account f o r  these  e f f e c t s .  
F ina l ly ,  t h e  work by Simpson and B r i t t e r  involved measurements made on t h e  
head of a g r a v i t y  current  i n  which head of t h e  cu r ren t  is held f ixed  and 
f o r  which t h e  d i s t ance  from t h e  source t o  the  head was very small. These 
d a t a  do not  g ive  a complete p i c t u r e  of the  motion of the  f r o n t  when the  
f r o n t  bas moved out  a l a rge  d is tance  from t h e  source because the  e f f e c t s  
of v i s c o s i t y  on t h e  cu r ren t  a r e  not present  i n  t h e i r  experimental work. 
Thus, t h e r e  may be s u b s t a n t i a l  q u a n t i t a t i v e  d i f fe rences  between modeling 
r e s u l t s  and the  motion of f u l l  s c a l e  g r a v i t y  c u r r e n t s  produced by f i r e s  
but  l a r g e  q u a l i t a t i v e  d i f fe rences  a r e  not  expected. 
1. C l a s s i f i c a t i o n  of Invisc id  Flows 
Many types of flow can be produced when hot  gas i s  introduced i n t o  a room 
o r  hallway and severa l  of these  a r e  i l l u s t r a t e d  i n  Figure 1. In  t h i s  
r epor t  we w i l l  concentrate on t h e  flow i n  t h e  g r a v i t y  cu r ren t  i l l u s t r a t e d  
i n  Figures lc,and I d ,  and i n  more d e t a i l  i n  Figure 2. 
The exact  na tu re  of the  flow w i l l  depend s t rong ly  on parameters of t h e  
flow a s  w e l l  a s  the  boundary condit ions.  For example, mixing and 
entrainment between the  in jec ted  flow and t h e  ambient f l u i d  w i l l  be 
con t ro l l ed  i n  p a r t  by the  Froude number of the  cu r ren t  when i t  e n t e r s  the  
b a l l ,  Viscous e f f e c t s  w i l l  be important when the  Reynolds number f o r  the  
flow a r e  small &nough o r  when the  cu r ren t  moves f a r  enough down t h e  
hallway t h a t  the  e f f e c t s  of boundary and mixing l aye r s  become important, 
and t h e  end of the  h a l l  used t o  withdraw the  ambient f l u i d  displaced by 
the  cu r ren t  w i l l  a l s o  influence the  flow f i e l d .  
We w i l l  desc r ibe  a few s p e c i a l  cases of these  flows i n  a general  manner 
and then w i l l  concentrate on the  most simple. The nomenclature used here 
t o  desc r ibe  the  flows i s  based on t h e  ana lys i s  discussed i n  the  following 
s e c t i o n  but the  observations a r e  based l a r g e l y  on flows of s a l t  water  
moving i n t o  ducts  f i l l e d  with f r e s h  water. 
( i )  S u b c r i t i c a l  Source 
A s  an example of the  problems we wish t o  s tudy,  consider  the  inv i sc id  
flow i l l u s t r a t e d  i n  Figure 2 which is produced when a steady stream of 
hot  gas is  introduced a t  one end of a long hallway a t  time zero and an 
equal  volumetric flow of the  ambient f l u i d  is  withdrawn from the  same 
end of the  h a l l .  The mate r i a l  i s  in jec ted  so t h a t  we can ignore mixing 
a t  t h e  i n l e t  between the  hot gas and t h e  cooler  a i r  present  i n  the  
h a l l .  
With a s u b c r i t i c a l  source, t h e  g r a v i t y  cu r ren t  forms a t h i n  l aye r  which 
moves away from the  source with a constant  v e l o c i t y  and with a wel l  
defined f ron t .  The flow described here  i s  s i m i l a r  t o  t h a t  described i n  
Figure 1 i n  the  region t o  the  r i g h t  of t h e  hydraul ic  jump except t h a t  
the  boundary condit ion on the  ambient flow is  d i f f e r e n t .  
This source is  equivalent  t o  the  s u b c r i t i c a l  flow encountered i n  open 
channel flows of water i n  which t h e  Froude number i s  l e s s  than one and 
f o r  which sudden changes i n  the  depth of the  flow a r e  not possible.  
However, the  flow is more complex here  because two streams a r e  
involved, the  g rav i ty  current  and t h e  r e t u r n  flow i n  the  lower layer .  
These d i f fe rences  w i l l  be discussed below. 
Mixing between t h e  cu r ren t  and the  ambient flow occurs i n  a hydraulic  
jump associa ted  with the  s u p e r c r i t i c a l  flow of ma te r i a l  i n  the  l i g h t e r  
ambient f l u i d  and, depending on the  flow r a t e s ,  t h i s  jump may occur 
e i t h e r  j u s t  behind the  head of t h e  cu r ren t ,  a s  is  suggested i n  
Figure 2,  o r  c l o s e r  t o  the  source a s  shown i n  Figures 1 and 4. 
I n  the  hydraul ic  jump, ma te r i a l  i s  ent ra ined from t h e  g rav i ty  current  
i n t o  the  ambient flow and t h i s  process produces a mixed l aye r  between 
t h e  cu r ren t  and t h e  ambient f l u i d  which i s  pr imar i ly  made up of ambient 
f l u i d .  The bottom of t h i s  layer  is roughly l e v e l  wi th  the bottom of the  
head of the  cu r ren t  a s  i s  suggested i n  t h e  sketch. L i t t l e  mixing 
occurs i n  t h e  shear  l aye r  which forms between the  cu r ren t  and the 
ambient f l u i d .  
Viscous e f f e c t s  produce a boundary l aye r  between t h e  current  and the  
wal l ,  and a shear  layer  between the  lower edge of t h i s  current  and the  
ambient f l u i d .  When the  thickness of these  l aye r s  becomes appreciable 
compared t o  t h a t  of the  cu r ren t ,  they w i l l  a f f e c t  the  flow. I n  
addi t ion ,  when t h e  Reynolds number f o r  t h e  flow is small, viscous 
e f f e c t s  can have a large  influence on t h e  flow a t  the  nose of the  f r o n t  
and w i l l  cause a s u b s t a n t i a l  reduction i n  t h e  speed of the  f ront .  For 
very small Reynolds numbers, the  head of the  cu r ren t  disappears 
e n t i r e l y .  - x 
We can i d e n t i f y  th ree  regimes of flow here: an i n e r t i a l  regime i n  which 
t h e  e f f e c t s  of v i s c o s i t y  a r e  small;  a very low Reynolds number regime 
i n  which vibcous e f f e c t s  dominate t h e  whole flow and i n  p a r t i c u l a r  the  
head of t h e  cu r ren t ;  and an intermediate viscous regime i n  which t h e  
development of boundary and shear  l aye r s  a f f e c t s  t h e  flow. In the  
l a t t e r  regime, the  ve loc i ty  of the  f r o n t  and the  thickness of the  l aye r  
behind t h e  head decrease with increasing d i s t ance  from the  source, 
e.g., s ee  the  review i n  Chen (19801, and o the r  m a t e r i a l  i n  Chen and 
L i s t  (1976) and Didden and Maxworthy (1982). The viscous regime w i l l  
always be reached i f  the  flow is  allowed t o  propagate f a r  enough from 
the  source.. 
( i i )  S u p e r c r i t i c a l  source: 
From an analogy wi th  open channel flows, w e  expect t h a t ,  when the  
Froude number of the  source i s  g r e a t e r  than one, rapid  changes i n  the  
depth of the  cu r ren t  a r e  poss ib le  and t h a t  changes i n  depth w i l l  occur 
through a process s i m i l a r  t o  t h a t  which occurs i n  a hydraulic  jump such 
a s  t h a t  shown i n  Figures 1 and 3. 
I n  t h e  present  flow, the  hydraulic  jump w i l l  be accompanied by 
entrainment of ambient f l u i d  i n t o  the  g r a v i t y  cu r ren t  because the  
f l u i d s  a r e  miscible.  Downstream of t h e  jump, the  depth of the  current  
w i l l  be g r e a t e r  than a t  the  s t a r t ;  t h e r e  w i l l  be a smooth change i n  t h e  
v e l o c i t y  and dens i ty  p r o f i l e s  from t h e  ambient va lues  a t  the  lower edge 
of t h e  cu r ren t  t o  l a r g e r  v e l o c i t i e s  and smal ler  d e n s i t i e s  a t  t h e  w a l l ;  
and the  average Froude number w i l l  be less than one. I n  addi t ion ,  the  
mass flow and dens i ty  i n  the  current  w i l l  be increased by entrainment 
of ambient f l u i d  a t  the  jump. The jump process has been examined 
experimentally by D. L. Wilkinson and I. R. Wood (1971). 
For t h e  s i t u a t i o n  shown i n  Figure 1, t h e  s t r e n g t h  of the  jump i s  
determined by a coupling between t h e  jump process and the  motion o f  t h e  
g r a v i t y  cu r ren t  which it produces. We w i l l  d i scuss  the  modeling of  
t h i s  process i n  a l a t e r  Report. 
The entrainment of ambient f l u i d  i n t o  t h e  cu r ren t  a t  the  hydraulic  jump 
-a lso  causes a r e t u r n  flow i n  the  ambient f l u i d .  When the  i n l e t  flow 
r a t e  is  increased s t i l l  f u r t h e r ,  t h i s  r e t u r n  flow can cause a g ross  
mixing between t h e  cu r ren t  and the  ambient f l u i d .  This mixing and the  
r e c i r c u l a t i o n  of the  hot  gas can lead t o  t h e  more complex flow f i e l d  
sketched i n  Figure 3b i n  which the  ho t  gas  from t h e  f i r e  is  ent ra ined 
i n t o  the  r e c i r c u l a t i n g  flow which feeds  t h e  jump. 
( i i i )  Plume source: 
F ina l ly ,  when the  source of t h e  hot gas i s  a plume from a f i r e ,  flows 
may be produced which behave l i k e  any one of those discussed above. 
Experiments a r e  required t o  determine which w i l l  occur under a given 
s e t  of circumstances. The sketch of Figure 3c i l l u s t r a t e s  one of these  
flows and o the r  p o s s i b i l i t i e s  a r e  described i n  Lee, J i r k a  and 
Harleman ( 1974). . 
a 
Our i n i t i a l  experiments w i l l  be concentrated on t h e  s u b c r i t i c a l  flow of 
Figure 2, f o r  which no mixing occurs due t o  the  i n j e c t i o n  of the g rav i ty  
current  i n t o  the  h a l l .  The more complex cases w i l l  be examined l a t e r  and 
w i l l  not  be discussed f u r t h e r  i n  t h i s  repor t .  
We tu rn  now t o  examine i n  d e t a i l  the  g r a v i t y  cur ren t  produced by a 
s u b c r i t i c a l  source i n  an invisc id  flow. 
2. Descript ion of S u b c r i t i c a l  Gravity Currents 
The t h e o r e t i c e l  problem i s  most conveniently posed a s  follows: Given the  
flow of a l i g h t  f l u i d  i n t o  a two-dimensional rec tangular  channel f i l l e d  
wi th  an i n i t i a l l y  s t a t ionary  ambient f l u i d ,  whose densi ty  is g r e a t e r  than 
t h a t  of the  in jec ted  f l u i d ,  f ind  the  ve loc i ty  and shape of t h e  cur ren t  
produced i n  the  duct when the  displaced heavy f l u i d  is  withdrawn from the  
end of t h e  duct used t o  supply the  l i g h t e r  mater ia l .  
Benjamin (1968) has analyzed a s impl i f ied  vers ion of the  g rav i ty  current  
under a s e t  of assumptions which makes t h e  flow resemble a g r a v i t y  cur ren t  
i n  t h e  i n e r t i a l  regime. The e f f e c t s  of v i s c o s i t y ,  mixing, and breaking 
waves observed a t  t h e  head of the  cur ren t  a r e  ignored. However, he does 
include losses  a s  a parameter, and determines the  depth of the  current  and 
the  ve loc i ty  of t h e  f ron t  i n  terms of t h i s  parameter. The loss  mechanism 
i s  not discussed and i s  not included i n  the  physical  p ic tu re  of the  model. 
I n  a l a t e r  paper, Wilkinson (1982) c l a r i f i e d  the  model of Benjamin (1968) 
by inves t iga t ing  i n  d e t a i l  t h e  l o s s  mechanism. H e  was in te res ted  i n  flow 
of a i r  i n t o  a channel f i l l e d  with water. Because no mixing can occur 
between these  two f l u i d s  and because viscous e f f e c t s  a r e  o f t en  neg l ig ib le  
i n  t h e  a i r ,  t h i s  flow i s  p a r t i c u l a r l y  wel l  modeled by t h e  ca lcula t ion.  I n  
the  model used by Wilkinson, losses  a r e  allowed t o  occur i n  a bore o r  
hydraulic jump which i s  assumed t o  l i e  between t h e  head of t h e  cur ren t  and 
the  source. The flow is  assumed t o  be energy conserving except f o r  t h e  
bore and the  a f f e c t s  of mixing a t  t h e  head and of v i s c o s i t y  throughout t h e  
flow a r e  ignored. 
In t h e  following paragraphs, the  ana lys i s  of Wilkinson is  used t o  d iscuss  
the  ideal ized flow shown i n  Figure 4. 
Both Wilkinson and Benjamin inves t igated  g r a v i t y  cur ren t s  which move i n t o  
an i n i t i a l l y  quiescent  f l u i d  and w e  w i l l  r e s t r i c t  our ana lys i s  t o  t h i s  
case too. However, under some circumstances, t h e  development of a 
boundary layer  on t h e  wal l  upstream of the  cur ren t  can have a large  e f f e c t  
on t h e  shape of the  head of the  current  and on i ts  veloci ty .  
( i )  Constant Energy Flow 
To i l l u s t r a t e  the  d i f f e r e n t  flow s u b c r i t i c a l  flow regimes, we f i r s t  
examine the  flow produced when a closed duct ,  i n i t i a l l y  f i l l e d  with a 
heavy f l u i d ,  is  opened a t  one end and a l i g h t e r  f l u i d  which surrounds 
the  duct is  allowed t o  replace the  heavier  f l u i d .  This replacement 
occurs when t h e  heavier  f l u i d  flows out of the  bottom s i d e  of the open 
end and the  l i g h t e r  f l u i d  flows i n t o  t h e  top. This process, has been 
.. inves t iga ted  experimentally by Zukoski (1966) and i s  i l l u s t r a t e d  i n  
Figure 4a. * 
Benjamin (1968) showed t h a t  only one depth i s  allowed f o r  the  current  
when the  energy i n  the  flow i s  conserved. For t h i s  constant  energy 
case ,  see  Flgure 4a, the  current  occupies the  top ha l f  of the  duct ,  and 
the  flow i n  the  lower l aye r  is  c r i t i c a l  wi th  r e spec t  t o  a coordinate 
system f ixed  'in t h e  duct wall .  This l imi t ing  case  is ca l l ed  the  
Constant Energy regime. 
( i i )  Non-steady Flow Regime 
We next  consider  the  flow described above except t h a t  now the  
downstream end of the  duct has been s l i g h t l y  blocked on the  bottom 
side.  A bore is produced i n  the  outflowing stream by t h i s  obs tac le  
which in t rudes  i n t o  the  c r i t i c a l  flow of the  heavier  f l u i d .  The bore 
propagates upstream from the  blockage wi th  a v e l o c i t y  which depends on 
the  depth of the  f l u i d ,  the  dens i ty  r a t i o ,  and t h e  v e l o c i t y  i n  the  
lower l aye r  upstream of the  bore. 
For small blockage, Wilkinson shows t h a t  t h e  bore moves upstream with a 
lower speed than the  f ron t .  Consequently, it can not  ca tch  up wi th  the  
f r o n t  and the  r e s u l t i n g  flow i s  unsteady. The motion i n  t h i s  regime i s  
shown i n  the  sketches of Figure 4b and 4c. I n  t h i s  regime, because t h e  
bore moves slower than the  f r o n t ,  the  motion of t h e  f r o n t  i s  unaffected 
by t h e  bore and the  v e l o c i t y  of the  f r o n t  has t h e  same value it had i n  
the  flow described above i n  ( i ) .  The depth of the  cu r ren t  i n  the  
constant  energy region behind the  head is  s t i l l  ha l f  of the  duct 
height .  However, the  current  depth i s  reduced by the  bore and, 
consequently, the  volume flow r a t e  of m a t e r i a l  i n  the  current  i s  l e s s  
f o r  t h i s  case than t h a t  i n  the  constant  energy regime. 
The presence of the  bore i s  a modificat ion suggested by Wilkinson 
(1982). This regime i s  c a l l e d  the  Unsteady Flow regime because the  
d i s t ance  between the  bore and the  f r o n t  increases  wi th  time. 
( i i i )  Steady Flow Regime 
The depth of the  layer  of ambient f l u i d  downstream of the  blockage, h2, 
'and, consequently, the  speed of the  bore,  v , increase  a s  the  blockage 
is  increased. When the  depth of the  l aye r  rises t o  about 78% of the  
duct  he ight ,  Wilkinson (1982) shows t h a t  speed of the  bore becomes 
equal  t o  the  speed of the  f r o n t  and f o r  any deeper cu r ren t  the  bore is 
ab le  t o  ca tch  up wi th  the  f ron t .  This leads t o  the  formation of a 
steady flow, shown i n  Figure 4d, i n  which the  f r o n t  and t h e  bore move 
a s  a u n i t  and wi th  a constant  ve loci ty .  I n  t h i s  regime, the  depth of 
t h e  cu r ren t ,  t h e  volumetric flow r a t e  of l i g h t e r  m a t e r i a l  and the 
v e l o c i t y  of the  f r o n t  decrease a s  the  blockage is increased. 
This Steady Flow regime is  i d e n t i c a l  t o  t h a t  described by Benjamin 
(1968) wi th  t h e  exception t h a t  Wilkinson has included an e x p l i c i t  
desc r ip t ion  of t h e  l o s s  mechanism. 
, ( i v )  Coflowing Ambient Stream 
" X. 
In  the  above flow regimes, w e  assumed t h a t  t h e  v e l o c i t y  of the  more 
dense f l u i d  upstream of the  f r o n t  was zero. Because we a r e  deal ing  
here wi th  an inv i sc id  approximation, we can r e l a x  t h i s  condit ion by 
using a Gali lean transformation i n  which the  coordinate ax i s  i s  
t r a n s l a t e d  p a r a l l e l  t o  t h e  duct wa l l  wi th  a cons tant  ve loci ty .  This 
technique w i L l  allow us t o  descr ibe  the  flow f i e l d  when we impose any 
velocity w e  choose on the  flow upstream of t h e  f ron t .  
However, i n  an experimental s i t u a t i o n ,  the  flow is viscous,  and t h i s  
procedure can lead t o  an incorrec t  p red ic t ion  of the  flow f i e l d  due t o  
boundary l aye r  e f f e c t s  on the  head of t h e  cu r ren t .  
3. Analyt ic  Descript ion of S u b c r i t i c a l  Sources 
Consider t h e  flows shown i n  the  sketches of Figure 4 and the  no ta t ion  
defined there .  We assume t h a t  flows i n  t h e  g r a v i t y  cu r ren t  and the  
ambient f l u i d  a r e  uniform and p a r a l l e l  t o  the  wa l l s  except near  the  f r o n t  
of the  cu r ren t  and t h e  hydraulic  jump. W e  w i l l  assume t h a t  t h e  f l u i d s  a r e  
incompressible because, i n  the  f i r e  s i t u a t i o n  of i n t e r e s t  t o  us ,  the  
pressure  w i l l  remain so  c lose  t o  atmospheric t h a t  the  dens i ty  of the  gas 
w i l l  no t  be a f fec ted  by changes i n  it.  Of course, dens i ty  v a r i a t i o n s  due 
t o  temperature a r e  allowed. 
Mass t r a n s f e r  a t  hydraulic  jumps i s  not  allowed and t h e  ve loc i ty  f a r  
upstream of the  current  i s  zero. 
The flow r a t e  per  u n i t  width and dens i ty  of the  l i g h t  f l u i d  i n  t h e  cu r ren t  
a r e  u and p , and the  dens i ty  of the  heavier  f l u i d  i s  p . I n  the  
following 8iscuss ion,  v e l o c i t i e s  a r e  given i n  the  coorcfhate system f ixed  
i n  the  wal l  of the  duct  and i n  def in ing dimensionless parameters, absolute  
values of t h e  v e l o c i t i e s  a r e  used. 
In genera l ,  t he  volumetric flow r a t e  per  u n i t  width supplied by the  source 
i s  given by con t inu i ty  argument a s  the  product of the  v e l o c i t y  i n  the  
cu r ren t  v and t h e  depth of the  current  h, evaluated near  the  source, o r  
where ho and h2 a r e  the  depth of t h e  duct and depth of t h e  ambient f l u i d  
near  the  source. Thus, e i t h e r  v o r  h can be taken a s  unknown when u is  
spec i f i ed  . 
The v e l o c i t y  i n  t h e  cu r ren t  beneath the  source, v2, must be l a r g e  enough 
t o  withdraw a volumetric flow r a t e  from the  duct  equal  t o  t h a t  of the  
source because we have assumed t h a t  no flow occurs i n  the  duct f a r  
upstream of t h e  f r o n t .  Then, 
where 
H 2 = h Z / h o  amd U = u / m z -  
In  the  above flow regimes, we assumed t h a t  the  v e l o c i t y  of the  more 
dense f l u i d  upstream of the  f r o n t  was zero. Because we a r e  deal ing  
here wi th  an inv i sc id  approximation, we can r e l a x  t h i s  condit ion by 
using a  Gali lean transformation i n  which the  coordinate a x i s  i s  
t r a n s l a t e d  p a r a l l e l  t o  t h e  duct wal l  wi th  a  cons tant  ve loci ty .  This 
technique w i L l  allow us t o  descr ibe  the  flow f i e l d  when we impose any 
ve loc i ty  we choose on the  flow upstream of the  f ron t .  
However, i n  an experimental s i t u a t i o n ,  t h e  flow is viscous,  and t h i s  
procedure can lead t o  an incor rec t  p red ic t ion  of t h e  flow f i e l d  due t o  
boundary l aye r  e f f e c t s  on the  head of t h e  cu r ren t .  
3. Analyt ic  Descript ion of S u b c r i t i c a l  Sources 
Consider t h e  flows shown i n  the  sketches of Figure 4 and the  no ta t ion  
defined there.  We assume t h a t  flows i n  t h e  g r a v i t y  cu r ren t  and the  
ambient f l u i d  a r e  uniform and p a r a l l e l  t o  the  wa l l s  except near  the  f r o n t  
of the  cu r ren t  and the  hydraulic  jump. We w i l l  assume t h a t  the  f l u i d s  a r e  
incompressible because, i n  the  f i r e  s i t u a t i o n  of i n t e r e s t  t o  us, the  
pressure  w i l l  remain so c lose  t o  atmospheric t h a t  t h e  dens i ty  of the  gas 
w i l l  not  be a f fec ted  by changes i n  it. Of course,  d e n s i t y  v a r i a t i o n s  due 
t o  temperature a r e  allowed. 
Mass t r a n s f e r  a t  hydraulic  jumps is  not allowed and t h e  ve loc i ty  f a r  
upstream of t h e  current  is zero. 
The flow r a t e  per  u n i t  width and dens i ty  of the  l i g h t  f l u i d  i n  t h e  cu r ren t  
a r e  u  and p , and the  dens i ty  of the  heavier  f l u i d  i s  p . I n  the  
following a iscuss ion,  v e l o c i t i e s  a r e  given i n  the  c o o r k n a t e  system f ixed 
i n  the  wa l l  of the  duct  and i n  def in ing dimensionless parameters, absolute  
values of the  v e l o c i t i e s  a r e  used. 
In  genera l ,  t h e  volumetric flow r a t e  per  u n i t  width supplied by the  source 
is  given by con t inu i ty  argument a s  the  product of the  ve loc i ty  i n  t h e  
cu r ren t  v and t h e  depth of the  current  h, evaluated near  the  source, o r  
where ho and h2 a r e  the  depth of the  duct and depth of t h e  ambient f l u i d  
near  the  source. Thus, e i t h e r  v  o r  h  can be taken a s  unknown when u  is  
spec i f i ed  . 
The v e l o c i t y  i n  the  current  beneath the  source,  v2, must be l a r g e  enough 
t o  withdraw a  volumetric flow r a t e  from the  duct equal  t o  t h a t  of the  
source because w e  have assumed t h a t  no flow occurs i n  the  duct f a r  
upstream of the  f r o n t .  Then, 
where 
HZ = h2/ho amd U = u/-03- 
To simplify the algebra of the problem, the ratio h21ho defined as HZ is 
used as oneUof tphe independent variables for the problem and we will solve 
for a dimensionless value of u defined above as U rather than use u as the 
independent variable which it often will be in experimental work. 
(i) Constant Energy Flow 
In this limiting case, Benjamin (1968) showed theoretically that the 
layer thickness h is half of the duct height and that this is the 
maximum value for the layer thickness which is possible . Thus, 
or if we uie capital letters to denote dimensionless parameters, 
H2 = h2lho = 112 (2) 
In this case, the velocity of the front and that of the fluid in the 
current are equal and are: 
This is the maximum velocity that the current can have. The Froude 
number for the front and the current are defined as: 
The volumetric flow rate per unit width also takes on a maximum for 
this case. It is given by: 
and the dimensionless value is 
U = u / m o 3 -  = 114 
for the Constant Energy regime. 
(ii) Unsteady Flow Regime 
In this regime, Wilkinson (1982) showed that the region near the front 
of the current behaves exactly like the constant energy flow described 
above. The dimensionless velocity of the front and depth of the 
current in this region are still given by equations 2 and 4, and the 
velocity of the bore vb was found to be less than that of the front. 
The Froude number for the bore can be written in terms of HZ as 
and the volumetric flow rate at the source, is found by a continuity 
argument to be 
-1 2- 
r 
From Equation 1, the  ve loc i ty  i n  the  cu r ren t  near  the  source is 
.x 
v = u/(l-H2)ho 
o r  (10) 
F = v/-\In0 = (U)/(l-H2) 
( i i i )  Steady Flow regime 
In  t h i s  regime, the  bore moves wi th  a higher v e l o c i t y  than the  f r o n t  
and ca tches  up wi th  the  head of the  cu r ren t .  A s teady flow is produced 
which i s  i d e n t i c a l  t o  t h a t  analyzed by Benjamin (1966). 
The flow pakameters of i n t e r e s t  can be obtained from the  equations: 
Using the  con t inu i ty  of flow, equation 1, we f i n d  t h a t :  
Thus, given a value f o r  H2, we can f i n d  F and U o r  conversely, given U 
we can f i n d  F and H o r  H2. 
F ina l ly ,  consider  t h e  l imi t ing  flow a s  ho becomes very l a rge  compared 
wi th  t h e  depth of the  cu r ren t ,  h. Examination of equation (11) shows 
t h a t  i n  l i m i t  when the  l aye r  th ickness  h is  held constant  and ho 
becomes very large:  
For most f i r e  problems, t h i s  l i m i t  w i l l  not  be i n t e r e s t i n g  but it does 
g ive  a l imi t ing  value f o r  the  v e l o c i t y  of t h e  f r o n t .  
( i v )  Numerical Results  f o r  Standard Boundary Conditions 
Numerical r e s u l t s  f o r  the  problem described above a r e  given i n  Table 1 
and Figure 5 where values of U,  Ff ,  Fb and H a r e  presented as  funct ions  
of H2. I n  add i t ion ,  the  value f o r  t h e  v e l o c i t y  of the  cu r ren t ,  
normalized of i s  given a s  V i n  t h i s  t ab le .  For a given problem, 
i f  we assume t h a t  values a r e  given f o r  t h e  reduced g r a v i t a t i o n a l  
acce le ra t ion  g', t he  duct height  ho, and volumetric  flow r a t e  u, then 
values  of U can be ca lcu la ted  and used t o  ob ta in  va lues  f o r  the  o ther  
dimensionless and dimensional parameters of t h e  system. Examples w i l l  
be given i n  the  next  sec t ion .  
(v)  Cof lowing Ambient Stream 
We a r e  i n t e r e s t e d  here i n  examining a v a r i a t i o n  on t h e  problem 
discussed above which involves the  r e l a x a t i o n  of t h e  condit ion t h a t  the  
f l u i d  v e l o c i t y  upstream of the  f r o n t  is  zero. For example, a second 
i n t e r e s t i n g  l i m i t  i s  t o  r equ i re  t h a t  ambient f l u i d  e n t e r s  the  lower 
, 
l aye r  a t  the  source end of the  duct wi th  an a r b i t r a r y  ve loc i ty ,  v2', 
which can" tak* on p o s i t i v e  o r  negative values.  See Figure 6. 
For the  standard so lu t ion ,  the  boundary condi t ion  applied t o  the  
problem was t h a t  the  f l u i d  v e l o c i t y  f a r  upstream of t h e  head of t h e  
f r o n t  was zero. The ve loc i ty  i n  the  flow beneath the  source i s  f ixed 
by t h e  con t inu i ty  equation and is  
v2 = - v(ho-h2)/h2 = - u/h2 (14) 
I f  w e  ignore t h e  e f f e c t s  of v i s c o s i t y ,  we can solve  f o r  t h e  v e l o c i t i e s  
of the  source,  bore and f r o n t  i n  the  new system by making a Gali lean 
transformation which makes the  value of the  v e l o c i t y  i n  t h e  ambient 
f l u i d  beneash the  source equal t o  an a r b i t r a r y  value ,  say v2'. We w i l l  
use primes t o  d i s t i n g u i s h  the  so lu t ions  f o r  t h i s  second problem from 
t h e  so lu t ions  t o  the  standard problem. 
I f  t h e  o r i g i n  f o r  the  y a x i s ,  shown i n  Figure 6a f o r  the  standard 
so lu t ion ,  is t r a n s l a t e d  t o  the  l e f t  wi th  a cons tant  v e l o c i t y  equal t o  
(v2' + u/h2), t h e  ve loc i ty  of t h e  ambient f l u i d  seen by an observer i n  
t h i s  new coordinate  system, see Figure 6b, w i l l  be v2'. Of course,  t h e  
geometry of t h e  flow w i l l  be unaffected by t h i s  t ransformation and, f o r  
example, h = h'. 
To ob ta in  the  v e l o c i t i e s  i n  t h i s  new coordinate  system w e  must add the  
quan t i ty ,  (v2' + u/h2) t o  each of the  v e l o c i t i e s  obtained f o r  the  
standard problem. The r e s u l t s  a r e  summarized i n  Table 2: 
TABLE 2: ARBITRARY VALUE FOR V2' OR F2' 
Parameters f o r :  Constant Energy Unsteady Flow Steady Flow 
F' = v ' / - / w  1.0 + F2' F/H2 + F2' F/H2 + F2' 
Ff'= vf'/-/g'ho 1.0 + F2' F£+F~'+ ~ ( 1 - H ~ ) / H Z  F/H2 + F2' 
--- Fb+F2'+ ~(1-H2)/H2 --- 
U/H2 + (1-H2)F2' f o r  a l l  regimes 
Here, F2' = v2'l-fg'ho i s  spec i f  ied . 
I n  t h i s  t a b l e ,  we use a prime t o  denote the  v e l o c i t i e s  i n  the  
coordinate system i n  which the  ambient v e l o c i t y  beneath t h e  source is 
v2' and the  unprimed q u a n t i t i e s  a r e  those obtained i n  the  standard 
problem and wi th  numerical values l i s t e d  i n  Table 1. 
A s  an example f o r  the  app l i ca t ion  of these  r e s u l t s ,  le t  t h e  ve loc i ty  
v2' be zero,  and s e l e c t  values f o r  g' and ho. Then F2' i s  zero, and 
when w e  p ick  a value f o r  u, we can immediately ob ta in  values f o r  U and, 
consequently, a l l  t he  unprimed parameters from Table 1. Then using 
Table 2, t h e  primed q u a n t i t i e s  can be found. I f  we use a more 
reasonable d e f i n i t i o n  f o r  the  problem and s e l e c t  a value f o r  u' r a t h e r  
than u, an i t e r a t i v e  method must be used t o  f i n d  t h e  appropr ia te  va lue  
f o r  U and U', 
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, Numerical Values f o r  t h e  primed q u a n t i t i e s  a r e  shown i n  Table 3 f o r  t h e  
s p e c i a l  cUase .ithat the  ve loc i ty  i n  the  ambient stream a t  the  o r i g i n  is  
zero,  i .e. ,  f o r  F2'=0. Values f o r  the  standard problem a r e  a l s o  given 
i n  t h i s  t a b l e  f o r  purposes of comparison. 
TABLE 3. Parameters f o r  F2'=0 
H2 U U ' Ff' U' / u  
h2/ho u / m o 3 -  u'/-03- vf'/- vf ' lvf 
Although, the  r a t i o  of the  v e l o c i t i e s  of the  f r o n t  of the  wave f o r  the  
two cases a r e  not  very s e n s i t i v e  t o  t h e  transformation f o r  H2 g rea te r  
than 0.90, t h e  d i f fe rences  a r e  l a rge  f o r  H2 near  0.5. However, t h e  
comparison made i n  t h i s  t a b l e  i s  f o r  flows wi th  t h e  same value f o r  HZ; 
i f  w e  compare flows with the  same value f o r  t h e  volumetric flow r a t e  of 
the  source,  i.e., f o r  U' = U, t he  v e l o c i t y  d i f fe rence  r a t i o ,  (vf'- 
v f ) /v f  is  decreased. A few comparisons of t h i s  type a r e  made i n  Table 
4 i n  which t h e  so lu t ion  f o r  the  standard problem is  l i s t e d  a s  the  upper 
l i n e  i n  each p a i r  of data.  For flow r a t e s  corresponding t o  values of U 
less than 0.05, the  influence of the  pos i t ion  a t  which mate r i a l  is  
withdrawn from the  h a l l  is small.  
TABLE 4. Parameters f o r  U' = U and F2' = 0 
u/ 7/7G3- H2 Ff' ((~fl;f)) 
o r  ' 8  h2/h0 v f ' / G  
4. , E f f e c t s  of Mixing a t  the Front and of Viscosity 
X 
The e f f ec t s  of mixing between the  current  and ambient f l u i d  a t  the  
hydraulic jump o r  bore and the e f f e c t s  of v i s cos i t y  a r e  ignored i n  the  
analys is  discussed above. Experimental da ta  concerning these e f f ec t s  is  
b r i e f l y  reviewed here. 
( i )  Mixing a t  the  Front 
Note t h a t  i n  these calcula t ions ,  no mixing is  allowed i n  the hydraulic 
jump o r  bore so t ha t  a  precise  comparison with the  ve loc i ty  of the 
f r on t  determined i n  experiments i s  not  possible.  When f l u i d  i s  l o s t  
from the  head, the veloci ty  of the  current  must be l a rger  than t ha t  i n  
the  head t o  supply t h i s  loss.  Simpson and B r i t t e r  were able t o  measure 
t h i s  difference.  They found t ha t  the  ve loc i ty  i n  the  f ron t  v+ is  only 
s l i g h t l y  smaller than t ha t  of the  current  v and t h a t  the  r a t i o  of the 
two is approximately given by: 
Because the two ve loc i t i e s  a r e  so  near ly  equal, we believe t ha t  values 
of the  ve loc i ty  of the  current  made f o r  the  inv i sc id  case can be used 
a s  a f i r s t  approximation t o  the ve loc i ty  of the  f ron t  o r  current  when 
viscous e f f e c t s  a r e  negl ig ible .  
The r e s u l t s  expressed i n  equation 15 a r e  a l s o  i n t e r e s t i ng  because they 
contain information on the  flow of gas i n to  the  mixed region. The 
magnitude of the  ve loc i ty  r a t i o  indicates  t h a t  the re  i s  a net  flow of 
mater ia l  from the  current  i n to  the  head and t h a t  t h i s  flow is  then 
entrained from the  head i n t o  the mixing layer  shown i n  Figure 2. The 
ne t  flow in to  and out of the head is about 16% of the  flow i n  the 
current .  This r e s u l t  is important t o  us s ince  t h i s  means t ha t  16% of 
the  flow i n  the  current  mixes with and contaminates the  ambient f lu id .  
( i i )  Transi t ion t o  Viscous Regime 
Transi t ion between i n e r t i a l  and viscous regimes occurs because of 
e i t h e r  the  e f f e c t  of v i scos i ty  on the flow over the  f ron t  o r  because 
the  displacement thickness of the  boundary l ayer  between the  current  
-and the  wal l  grows t o  a value which is  an appreciable f r a c t i on  of the 
depth of the  current .  Simpson and B r i t t e r  (1979) found t ha t  viscous 
e f f e c t s  on the  flow over the  f ron t  of the  current  were negl ig ible  when 
the  Reynolds number f o r  the  f ron t ,  based on layer  depth and f ron t  
ve loc i ty  a r e  g r ea t e r  than 500. We w i l l  be in te res ted  i n  t h i s  regime. 
However, regardless  of the  Reynolds number f o r  the  f ron t ,  the influence 
of the  boundary layer  w i l l  always appear i f  the  f ron t  runs out f a r  
enough from the  source. The viscous forces  ac t ing  on the  f l u i d  a t  the 
wal l  w i l l  a c t  t o  reduce the momentum of the  flow and when the flow is 
long enough t h i s  force  must have an e f f e c t  on the  motion of the  f ront .  
The l ayer  thickness a t  the  source w i l l  grow so  t h a t  the  addi t ional  
g r av i t a t i ona l  head a t  the source w i l l  be ab le  t o  overcome the shear a t  
the  wall.  
$0 make a simple est imate of the sca l ing  laws f o r  t h i s  t r a n s i t i o n ,  we 
examine the  mlgnitude of the  r a t i o  of t h e  boundary layer  displacement 
thickness t o  the  depth of the  g rav i ty  current .  When t h i s  r a t i o  is  very 
small ,  t h e  influence of the  the  boundary l ayer  is  presumably neg l ig ib le  
and when it reaches some l imi t ing value,  viscous e f f e c t s  w i l l  become 
important. " 
When the  boundary layer  between the  cur ren t  and the  wal l  is laminar, w e  
can make an es t imate  f o r  the  t r a n s i t i o n  p o s i t i o n  by examining the  r a t i o  
of viscous shear forces  on t h e  wal l  t o  t h e  momentum f l u x  i n  t h e  layer  
a t  t h e  source, 
o r  t h e  r a t i o  of the  displacement thickness 8 t o  t h e  o r i g i n a l  layer  
thickness,  (8  /h)  , 
These r a t i o s  grow a s  the  d is tance  t o  the  f r o n t ,  X, increases and when 
e i t h e r  reaches some small l imi t ing value,  we expect t h a t  t h e  influence 
of viscous fo rces  w i l l  become important. 
Thus i f  we  assume t h a t  the  t r a n s i t i o n  occurs when t h i s  r a t i o  takes on 
some l imi t ing value,  we f ind  by using e i t h e r  r a t i o  t h a t  the  t r a n s i t i o n  
length sca les  as: 
When U is so small t h a t  the  ve loc i ty  of t h e  cur ren t  i s  given by v)o,  
equation (13),  the  dependence on the  height  of the  channel is  
unimportant and the  c r i t e r i o n  becomes: 
Estimates of t h e  pos i t ion  a t  which t h i s  viscous e f f e c t  becomes 
important have been made by Chen e t  a 1  (1976) and Chen (1980). Their 
experimental r e s u l t s  agree with the  form of equation 17 and t h e  value 
of the  p ropor t iona l i ty  constant  was found experimentally t o  be about 
-0.10. 
( i i i )  Viscous Regime: 
I n  t h i s  regime, dimensional ana lys i s  and some experimental r e s u l t s ,  
presented f o r  example i n  Chen (1980), Chen and L i s t  (1976) and l a t e r  by 
Didden and Maxworthy (19821, suggest t h a t  the  ve loc i ty  of the  head of 
t h e  current  depends on the  d is tance  from the  source of the  f r o n t ,  X, 
and can be expressed as: 
when U is  so small t h a t  the  duct height  does not a f f e c t  the  veloci ty .  
. I n  t h i s  regime, . the ve loc i ty  of the f r o n t  decreases with increasing X 
a s  X t o  the  minus one four th  power and thus the  depth of the  cur ren t  a t  
t h e  source m u s t , r i s e  so  t h a t  the  g r a v i t a t i o n a l  fo rces  can support the  
wal l  shear. The value of the  constant  j which appears i n  equation 18 
gives  a  reasonable f i t  f o r  a  range of experiments. 
5. Application of r e s u l t s  f o r  t h e  s u b c r i t i c a l  source: 
In  many f i r e  s i t u a t i o n s  of i n t e r e s t ,  the  flow w i l l  be e n t i r e l y  within the 
i n e r t i a l  regime and a s  a  r e s u l t  the  ana lys i s  presented above can be used 
t o  descr ibe  t h e  flow. 
A s  an example, consider the  s i t u a t i o n  shown i n  the  sketch of Figure 1 and 
l e t  f i r e s  of various s i z e s  be s t a r t e d  i n  the  small room adjacent  t o  t h e  
hallway. Hot gas  w i l l  flow from the  room through t h e  open door i n t o  a  
2.5m square hallway and produce the  hydraulic jump and g rav i ty  current  
shown i n  t h e  sketches. Calculat ions have been made t o  show the  p roper t i e s  
of t h e  c e i l i n g  cur ren t s  produced by severa l  f i r e s  and t h e  r e s u l t s  a r e  
shown i n  Table 5. 
TABLE 5. EXAMPLES OF GRAVITY CURRENTS i n  a  2.5 m SQUARE HALL 
EXAMPLE NUMBER: 81 52 #3 #4 #5 #6 
1. PARAMETER VALUES ASSUMED: 
F i r e  s i z e ,  kw: 50 50 50 200 200 800 
Mass f l u x  t o  cur ren t ,  kg/s : 0.5 1.0 2.0 1.5 3.0 3.0 
2. PARAMETER VALUES CALCULATED: 
Temperature i n  cur ren t ,  C 120 70 45 153 86 285 , 
flow r a t e  i n  current  u,  m /s 0.22 0.39 0.72 0.73 1.23 1.90 
densi ty  d i f fe rence  r a t i o ,  D 0.29 0.16 0.082 0.38 0.20 0.62 
dimensionless flow r a t e ,  U 
8 ,  f o r  s teady regime; 
us ,  unsteady flow regime 
dimen. cur ren t  he ight ,  H 
dimen. ve loc i ty  of head, Ff 
dimen. v e l o c i t y  of bore, Fb 
height  of current  h,  m 
height  of head m 
ve loc i ty  of f r o n t  v f ,  m / s  
ve loc i ty  of cu r ren t  v ,  m / s  
Based on f i r e  plume entrainment work, e.g., see  Cetegen e t  a 1  (19831, 
values were pickkd f o r  the  mass f l u x  i n  t h e  f i r e  plume and then i n  the  
g r a v i t y  cu r ren t s  which form downstream of the  hydraulic  jump. Then given 
the  mass f l u x  and enthalpy f l u x  i n  the  c e i l i n g  c u r r e n t ,  which is  equated 
t o  t h e  f i r e  s i z e ,  the  r e s t  of the  parameters can be e a s i l y  found, wi th  the  
use of Table 1, f o r  the  case t h a t  the  v e l o c i t y  f a r  upstream of t h e  f r o n t  
is  zero. 
In  a l l  examples i n  t h i s  t ab le ,  the  Reynolds number of each flow based on 
cur ren t  v e l o c i t y  and depth is  g r e a t e r  than t e n  thousand and the  t r a n s i t i o n  
length i s  g r e a t e r  than 1000 meters. Hence, the  Reynolds number and 
t r a n s i t i o n  pos i t ion  a r e  l a rge  enough t o  ensure t h a t  the  flow w i l l  be i n  
the  i n e r t i a l  regime, and the  influence of v i s c o s i t y  on the  geometry and 
the  propagation speed of the  f r o n t  should be neg l ig ib le .  
Examples 1 t o  3, and 4 and 5 show the  e f f e c t s  on t h e  parameters of 
changing the  mass flow i n  the  current  while holding constant  the  enthalpy 
f lux ,  c a l l e d  here t h e  f i r e  s i z e .  For both the  50 and 200 kw examples, the  
depth of the  l aye r  increase  almost l i n e a r l y  wi th  the  mass f l u x  and t h e  
v e l o c i t y  decreases s l i g h t l y .  The reduction i n  the  v e l o c i t y  of the  f r o n t  is  
due i n  p a r t  t o  the  o f f s e t t i n g  e f f e c t s  of the  decrease i n  the  dens i ty  
d i f fe rence  r a t i o  D and the  increase  i n  t h e  l aye r  depth h. 
The head of t h e  current  i n  these  examples would t r a v e r s e  a 50 m long h a l l  
i n  from 25 t o  70 seconds. Because the  r e t u r n  wave would take  a s i m i l a r  
per iod ,  t h e  t o t a l  period required f o r  t h e  r e tu rn ing  wave t o  reach the  jump 
w i l l  be from one t o  two minutes. 
For t h e  f i r s t  example, the  g rav i ty  cu r ren t  occupies about 9% of t h e  he ight  
of the  h a l l .  The depth behind the r e f l e c t e d  wave w i l l  be l a rge r  by about 
a  f a c t o r  of about 1.5 and hence, the  depth of hot  gas i n  the  h a l l  w i l l  be 
about 15% of t h e  height  of the  h a l l  when t h e  r e f l e c t e d  wave submerges the  
hydraulic  jump and suppresses f u r t h e r  entrainment i n t o  t h e  current .  Thus, 
a  considerable f r a c t i o n  of the  h a l l  w i l l  be f i l l e d  wi th  hot gas before  the  
s p e c i a l  condi t ions  requi r ing  modelling of t h e  g r a v i t y  current  can be 
relaxed.  I n  t h e  o t h e r  f i v e  examples, t h i s  depth i s  much larger .  Hence, 
f o r  many f i r e  s i t u a t i o n s ,  the  process by which t h e  h a l l  is f i l l e d  with hot 
gas w i l l  be dominated by the  g rav i ty  cu r ren t  flow described here. 
I n  a l l  of these  examples, t h e  current  depth is  g r e a t e r  than 0.22 m o r  
about 9 inches and i t  is  poss ib le  t h a t  the  cu r ren t  would s e t  of f  
spxinklers  located  wi th in  t h i s  d i s t ance  below t h e  c e i l i n g .  Two of the  
examples produce g rav i ty  cu r ren t s  i n  the  Unsteady Flow Regime and have a 
depth near  t h e  head of the  current  equal  t o  one hal f  of the  h a l l  height .  
Most of these  flows would be threa tening t o  a  f i v e  foo t  high person (1.5 m 
o r  60% of the  h a l l  he ight )  standing o r  running wi th in  t h e  h a l l  although 
t h e  v e l o c i t y  of the  f r o n t ,  0.7 t o  1.5 m / s ,  would not  be hard f o r  an a l e r t ,  
hea l thy  person t o  outrun. 
The weakness of t h e  d iscuss ion given here  is t h a t  we have assumed values 
f o r  the  mass flow r a t e  i n  the  cu r ren t s  described i n  Table 5. I n  a  l a t e r  
r epor t  we w i l l  descr ibe  the  flow i n  the  hydraulic  jump a t  the  entrance of 
the  h a l l  and a technique f o r  matching the  flow i n  the  jump with t h a t  i n  
the  current .  For t h e  s i t u a t i o n s  i n  which t h i s  jump is  important, we w i l l  
then be ab le  t o  g ive  a more complete p i c t u r e  f o r  the  flow. 
C. CURRENT SALT WATER MODELING WORK 
In  our inves t iga t ion ,  t h e  salt-water modeling work w i l l  be used t o  obta in  
both a q u a l i t a t i v e  and where poss ib le  a  q u a n t i t a t i v e  p i c t u r e  of t h e  flow 
f o r  a  number of f l u i d  dynamic problem a reas  and w i l l  a c t  a s  a  guide f o r  
the  gas phase experiments. Because of t h e  ease i n  making flow 
v i s u a l i z a t i o n  experiments, t h i s  technique i s  p a r t i c u l a r l y  useful  i n  making 
a survey of new problem areas .  
The standard prgblem t o  be inves t iga ted  is t h a t  of a  g r a v i t y  current  
flowing s t e a d i l y  i n t o  a long hallway i n  which the  ambient f l u i d  is  
i n i t i a l l y  a t  r e s t .  The source w i l l  be s u b c r i t i c a l ,  a s  i l l u s t r a t e d  i n  
Figure 1, and t h e  Reynolds numbers w i l l  be h igh enough t o  keep t h e  flow 
wi th in  the  I n e r t i a l  Regime. Both ends of t h e  h a l l  w i l l  be closed and the  
ambient f l u i d  w i l l  be withdrawn from the  end of the  h a l l  a t  which the  
cu r ren t  i s  introduced. 
A number of important v a r i a t i o n s  on t h e  bas ic  flow w i l l  a l s o  be 
inves t iga ted .  An important experimental condi t ion  f o r  these  s t u d i e s  i s  
t h e  o r i g i n  f o r  t h e  c e i l i n g  current .  We p lan  t o  s t a r t  t h e  s tud ies  l i s t e d  
below wi th  a s u b c r i t i c a l  source which leads  t o  a  cu r ren t  a s  shown i n  
Figure l c  and Id ,  and l a t e r  w i l l  i nves t iga te  some of t h e  flows a r i s i n g  
from the  two o the r  types of sources discussed above: one, which simulate a  
buoyant plume above a f i r e ,  Figure 3c ,  and a second which w i l l  be the  
s u p e r c r i t i c a l  source which has considerable momentum a t  the  i n l e t  and 
which w i l l  lead t o  condit ions indica ted  i n  Figure 3a o r  3b. 
A second condi t ion  concerns the  flow r a t e  of the  buoyant f l u i d .  I n  a  f i r e  
s i t u a t i o n  we expect t h a t  the  flow r a t e  of t h i s  f l u i d  can change 
s u b s t a n t i a l l y  even over the  b r i e f  period during which the  g rav i ty  current  
w i l l  be flowing down a long h a l l .  The inf luence  of t h i s  nonsteady supply 
w i l l  be inves t iga ted .  
A t h i r d  condi t ion  concerns t h e  motion of t h e  ambient, high dens i ty  gas 
wi th in  the  space. I n  most of the  above d iscuss ion t h i s  f l u i d  was a t  rest 
o r  was moving i n  response t o  the  motion of t h e  g r a v i t y  current .  I n  some 
f i r e  s i t u a t i o n s ,  the  high dens i ty  f l u i d  w i l l  be i n  motion due t o  a  v a r i e t y  
of causes. I f  the  flow is  aga ins t  t h e  d i r e c t i o n  of flow of t h e  g r a v i t y  
cu r ren t ,  t h e  cu r ren t  can be stopped completely and the  mixing between the  
cu r ren t  and ambient f l u i d  w i l l  be d i f f e r e n t  from t h a t  which e x i s t s  when 
t h e  ambient f l u i d  is  s t a t ionary .  Thus, the  point  a t  which the  ambient 
f l u i d  i s  withdrawn from the  h a l l  and the  presence of flow i n  the  ambient 
gas produced by an imposed pressure  f i e l d  must a l s o  be inves t iga ted .  
1. Problem Areas 
Problem Areas t o  be s tudied  wi th  the  salt-water/water modeling method 
include : 
( i )  For the  standard s u b c r i t i c a l - i n l e t  problem, t h e  determination of 
the  dependence of the  ve loc i ty  of the  f r o n t  and the  current  depth, 
r e l a t i v e  t o  hallway height ,  on t h e  parameters of the  system such a s  
volumetric" flow r a t e , . d e n s i t y  d i f fe rence  r a t i o ,  the  Reynolds number of 
the  flow, and $oint  of withdrawal of ambient f l u i d .  We hope t o  check 
previous work here ,  r a t h e r  than t o  break new ground, and t o  v e r i f y  t h a t  
our technique is cor rec t .  
( i i )  The determination of t h e  r a t e s  of mixing between g rav i ty  cu r ren t  
and ambient f l u i d  which occurs near  the  f r o n t  of t h e  current .  Previous 
work suggests  t h a t  i n  the  high Reynolds number regime about 16% of the  
in jec ted  mate r i a l  is  mixed wi th  ambient f l u i d  at  the  head of t h e  flow. 
Again we want t o  check t h i s  r e s u l t  and t o  make s u r e  t h a t  it is  
app l i cab le  t o  our problem. A q u a n t i t a t i v e  measure of the  concentrat ion 
i n  t h e  mixed l aye r  w i l l  be made. 
( i i i )  The i n t e r a c t i o n  of the  g r a v i t y  cu r ren t  wi th  ( a )  a  closed end on 
t h e  h a l l ,  (b )  wi th  a p a r t i a l l y  open end, 
and ( c )  with a r i g h t  angle tu rn  i n  the  h a l l .  As  a  p a r t  of t h i s  work 
we w i l l  determine the  v e l o c i t y  of propagation of t h e  r e f l e c t e d  wave 
which i s  formed, a t  the  i n t e r f a c e  between t h e  cu r ren t  and ambient 
f l u i d ,  by these  impingement processes. 
( i v )  The determination of t h e  e f f e c t  of r a p i d l y  changing the  flow r a t e  
of hot  gas which is  supplied t o  the  c e i l i n g  l a y e r  on the  development. of 
the  l aye r  and t h e  mixing between the  l aye r  and ambient f l u i d .  
(v)  The e f f e c t  on the  flow of ( a )  roughness elements placed on t h e  
c e i l i n g  of the  h a l l ,  with a range of roughness element heights  ranging 
from a few percent  t o  10% of the  hallway height ,  and (b) systematic 
v a r i a t i o n s  i n  t h e  width of t h e  h a l l ,  such a s  r e s u l t  from i n s e t  doorways 
located i n  h o t e l  co r r idors ,  with a v a r i a t i o n  i n  width of 10 t o  20% of 
the  hallway width. 
( v i )  The e f f e c t  on the  flow produced by the  g r a v i t y  cu r ren t  of the  
presence of a  s t r a t i f i e d  l aye r  of hot gas i n  the  hallway before the  
in t roduct ion  of t h e  g rav i ty  current .  
( v i i )  The e f f e c t  on the  flow and i n  p a r t i c u l a r  on t h e  mixing between 
the  g r a v i t y  cu r ren t  and the  ambient f l u i d  of turbulent  ve loc i ty  
f l u c t u a t i o n s  of appreciable amplitude i n  t h e  source flow f o r  t h e  
current .  
( v i i i )  The e f f e c t  on the  flow of the  loca t ion  of t h e  point  a t  which 
f r e s h  water is  withdrawn from the  duct  and of a flow i n  the  ambient 
f l u i d  e i t h e r  opposing o r  a id ing t h e  motion of t h e  g r a v i t y  current .  
I n  add i t ion  t o  these  sub jec t s  which d e a l  wi th  the  motion of the  f r o n t  we 
a r e  i n t e r e s t e d  i n  two o the r  problem areas:  
( i x )  The r a t e  of entrainment of ambient f l u i d  i n t o  the  current  which 
occurs i n  t h e  i n i t i a l  hydraulic  jump described i n  Figure 1. 
(x)  The motion of waves produced by the  impact of the  current  on the  
wall  of t h e  hallway and other  disturbances i n  t h e  h a l l .  
2; Preliminary E5perimental Results:  
Preliminary experiments have been made i n  which we have recorded on video 
tapes  the  motion of g rav i ty  currents  formed when dyed s a l t  water (dens i ty  
i n  t h e  range 1.04 t o  1.10) is  introduced i n t o  a duct  which is  f i l l e d  with 
f r e s h  water (dens i ty  1.00). The duct is 15cm square and 240 cm long, and 
thus has a length  t o  height  r a t i o  of about 16. Some of t h e  r e s u l t s  
obtained i n  these  preliminary experiments a r e  summarized below. I n  these  
t e s t s ,  f r e s h  water is  withdrawn from the  hallway a t  t h e  end of the  duct 
where the  sal t-water  flow en te r s .  
Preliminary observations a r e  presented i n  t h e  following paragraphs. 
( i )  The v e l o c i t y  of the  f r o n t  a s  measured i n  our experiment is  l e s s  
than the  values we expected from a review of previous work presented 
above. The d i f fe rences ,  between our d a t a  and the  values  predicted from 
inv i sc id  theory,  range from 50% a t  low flow r a t e s ,  and hence small 
Reynolds numbers, t o  20% a t  high flow r a t e s ,  and hence higher Reynolds 
numbers. The d i f fe rence  may be due t o  t h e  mixing process and t o  the  
development of the  boundary l aye r ,  formed between the  wal l  and the  
cu r ren t ,  and the  mixing l aye r ,  formed between the  cu r ren t  and the  
ambient flow, which a r e  ignored i n  t h e  theory. 
We a r e  inves t iga t ing  the  cause f o r  t h i s  d i f f e r e n c e  and a r e  a l s o  
reviewing da ta  from a number of d i f f e r e n t  authors  whose normalized 
v e l o c i t y  da ta  appear t o  l i e  between our r e s u l t s  and t h e  t h e o r e t i c a l  
values.  Of course,  the  e f f e c t s  of boundary l a y e r  growth w i l l  be more 
important i n  these  small s c a l e  experiments than i n  the  f u l l  s c a l e  case. 
( i i )  Visual inspect ion  of the  flow ind ica tes  t h a t  mixing between the  
g r a v i t y  cu r ren t  and ambient f l u i d  occurs only a t  t h e  head of t h e  
cu r ren t  and nowhere e l s e  i n  the  flow. The mixing appears t o  involve a 
small amount of the  f l u i d  from the  cu r ren t  and a much l a rge r  amount 
from the  ambient flow. 
( i i i )  The v e l o c i t y  of the  f r o n t  decreases s l i g h t l y  when the  head 
reaches a point  seve ra l  h a l l  he ights  i n  f r o n t  of the  end wall  of the  
duct.  On impact, t he  f r o n t  r i d e s  "down" the  wa l l  ( see  Figure 7a and 
7b) and add i t iona l  mixing does occur but ,  f o r  the  Reynolds number range 
we have inves t iga ted ,  it  is very small and i s  r e s t r i c t e d  t o  the  impact 
event.  
( i v )  Af te r  t h e  cu r ren t  reaches the  wa l l  a t  t h e  end of the  h a l l ,  it is 
r e f l e c t e d  a s  a s e r i e s  of waves which propagate from t h e  closed end 
toward t h e  source end of the  duct ,  Figure 7c and 7d. The r e f l e c t e d  
waves have wave lengths of seve ra l  h a l l  he igh t s ;  they do not  "break" o r  
cause any mixing; and they propagate a t  a roughly constant  v e l o c i t y  
toward the  source of the  current  wi th  a v e l o c i t y  which can be l a r g e r  
than t h a t  of t h e  head of the  current .  The th ickness  of the  l aye r  
behind t h e  wave t r a i n  i s  about 1.5 t o  2 times t h a t  of the  current  i n  
f r o n t  of it.  
(v) I f  a g r a v i t y  cu r ren t  is introduced i n t o  a hallway which contains 
a t h i n  s t r a t i f i e d  l aye r  of f l u i d  wi th  dens i ty  c l o s e  t o  t h a t  i n  the  
g r a v i t y  cu r ren t ,  t he  head of the  g r a v i t y  cu r ren t  becomes a wave 
superimposed on the  e x i s t i n g  s t r a t i f i e d  layer .  Depending on the  depth 
of the  layqr  i n  the  h a l l  and the  dens i ty  d i f fe rence  r a t i o ,  the  wave a t  
the  head of t h d  g r a v i t y  c u r r e n t  may o r  may not  break and i ts  ve loc i ty  
may be reduced a s  compared t o  a  s i m i l a r  cu r ren t  moving i n  a  h a l l  
without the  s t r a t i f i e d  l aye r .  When t h e  wave does not  break, no mixing 
occurs a t  the  head of t h e  wave. Wood and Simpson (1984) have s tudied  
t h i s  phenomena. 
Simi lar ly ,  i n c ~ e a s i n g  t h e  flow supplied t o  a  g r a v i t y  cu r ren t  which has 
s t a r t e d  t o  move down a h a l l  need not produce a second breaking f r o n t  
but  can cause a non-breaking wave t o  propagate through the  g rav i ty  
cu r ren t  toward t h e  f r o n t -  
( v i )  The i n t e r a c t i o n  of  the  cu r ren t  wi th  an obs tac le  placed on the  
c e i l i n g ,  a  square "beam" occupying about 12.5% of the  he ight  of the  
duct has been observed v i s u a l l y -  The complete flow f i e l d  produced by 
the  i n t e r a c t i o n  of the  f r o n t  with the  obs tac le  i s  complex, and produces 
a flow which follows t h e  desc r ip t ion  given i n  Figure 1 when the  beam 
replaces  the  door s o f f i t .  The s u p e r c r i t i c a l  region and the  hydraulic  
jump were observed t o  form j u s t  downstream of t h e  beam and the  jump was 
swamped by t h e  r e f l e c t e d  waves, a s  suggested i n  t h e  Figure 1. 
3. Implicat ions f o r  Modeling 
These prel iminary r e s u l t s  suggest tha t :  
( i )  The sca l ing  laws f o r  t r a n s i t i o n  and v e l o c i t y  described above a re  
a t  l e a s t  roughly app l i cab le  t o  our problem and the  ve loc i ty  of the  
f r o n t  except f o r  very t h i n  l aye r s  w i l l  be i n  the  range 0.5 t o  2 m / s .  
Thus the  time required f o r  the  f ron t  t o  flow down a hallway w i l l  be in  
t h e  range of t ens  of seconds. 
( i i )  Mass l o s t  by entrainment from the  cu r ren t  and i n t o  the  ambient 
gas occurs a t  the  head of the  current  and is probably l e s s  than 15% of 
the  in jec ted  flow. Thus, t o  a f i r s t  approximation, we may be ab le  t o  
ignore it e n t i r e l y  i n  a  simple room-fire model. 
However, entrainment of ambient f l u i d  i n t o  t h e  cu r ren t  a t  a  hydraulic 
jump, f o r  example t h a t  produced by flow over a  door s o f f i t  a s  shown in  
Figure 1, can be l a rge  compared t o  t h e  flow i n  t h e  current  supplied to  
the  room and hence must be modeled c a r e f u l l y .  
Thus, d e t a i l s  of the  flow which lead t o  t h e  production of the  cu r ren t ,  
such a s  the  e n t r y  of the  current  i n t o  the  room shown i n  Figure 1, 
appear t o  be very important. 
( i i i )  Once t h e  cu r ren t  has reached the  end of t h e  h a l l ,  t he  motion a t  
t h e  i n t e r f a c e  between hot and cold f l u i d  is t h a t  of a  s t r a t i f i e d  layer  
d is turbed by i n t e r f a c i a l  waves which do not  produce add i t iona l  mixing. 
Af te r  t h e  r e f l e c t e d  wave has returned t o  submerge the  hydraulic  jump, 
see  t h e  example described i n  Figure 1, f u r t h e r  mixing due t o  t h e  




(iv) Salt-waterlwater experiments will give us valuable insights into 
the flow proce%ses without necessarily giving us quantitative results. 
A major problem here is to get Reynolds numbers high enough to ensure 
that the process is independent of viscous effects. 
These results suggest that to a first approximation we were correct in 
ignoring entirely'the lateral motion of gas in large rooms in the context 
of the two layer fire models. 
However, for long hallways the time required for the current to traverse 
the space, and the effects of entrainment into the current and certainly 
of heat transfer will not be so easily dismissed and must be included in 
room-fire models. 
In addition, the results described above were obtained with flows for 
which the Reynolds numbers, based on speed of the front and layer 
thickness, were in the range from 200 to 1000. Real flows of interest to 
us have Reynolds numbers about ten times larger than these values and 
these preliminary experiments suggest that the mixing may increase 
markedly with Reynolds number in this range. Hence, the optimistic 
conclusion that we may be able to ignore the lateral motion of the gas may 
not be realistic for high Reynolds number flows. However, this attractive 
idea will be pursued in our work. 
Given the importance of the Reynolds number here, one of our important 
experimental objectives is to greatly increase the range of Reynolds 
numbers we can investigate in the salt-water modeling apparatus. 
D. EXPERIMENTAL PROGRAM FOR GAS MODELING WORK 
The experimental study of gravity currents in gasses will be used 
primarily to determine the influence of heat transfer on gravity currents. 
However, the duct has been designed to have about the same range of 
Reynolds numbers as the salt-waterlwater modeling apparatus and the other 
flow parameters can also be duplicated in the two experiments. Many of 
the problems mentioned above can be studied in both and, where ever 
possible, we will attempt to use the gas apparatus to verify novel 
findings discoqered in salt-waterlwater modeling work. 
The heat transfer studies will be carried out in an apparatus which is a 
model for a hallway. The dimensions of the duct are 50 cm square, 735 cm 
long, and a length to height ratio of about 14.5. This duct has glass 
side walls to allow flow visualization and reduce lateral heat transfer, a 
wooden floor to facilitate the insertion of instrumentation, and an 
aluminum top wall which is 1.27 cm (0.5 inches) thick. The height to 
width ratio for the duct can be easily changed so that the influence of 
aspect ratio can be studied. 
Aluminum was selected for the top wall for the initial tests because it 
has sufficient thermal capacity and a large enough thermal conductivity to 
keep the surface temperature within a few tenths of a degree of the 
initial value during the transient test. This constant temperature 
boundary condition will greatly facilitate data reduction and the 
development of a good model for the flow. The apparatus is designed so 
that walls with other thermal properties can be studied easily. 
Heat transfer gauges are located at 50 cm intervals on the centerline of 
the ceiling and at 150 cm intervals several can be placed across the width 
of the ceiling. A shadowgraph system is being developed as our principal 
flow visualization technique. Velocity and temperature distributions in 
the gravity current will be measured at one or two locations in each 
experiment with 5 to 10 hot wire probes mounted on a single support. 
Both velocity and temperature will be measured from the same wire. The 
chief challenge which arises in the design of this probe is to make 
accarate measurements of either temperature or velocity at the very low 
gas speeds we anticipate will be present in the gravity currents. 
The support for the velocity and temperature probe is designed so that the 
probe can to be moved easily throughout the duct between experiments; 
however, to cover a given flow throughout the whole duct will require that 
a number of separate but identical experiments be carried out. 
Hot gas at temperatures up to 250 C will be supplied at a closed end of 
the duct at a known volumetric flow rate, and the motion of the front, the 
velocity and temperature distribution behind the front and the heat 
transfer to the ceiling will be measured. The initial tests will 
investigate the transient flow produced with an open end on the hall; 
later work will include the study of the reflected wave from a closed or 
partially closed end. The parameters to be investigated include: current 
temperature and volume flow rate, end condition on the hall (i.e., open, 
closed and etc.) tiema1 properties of the ceiling, width to height ratio 
of the hall, and the presence of roughness on ceiling and side walls. 
The duct has been constructed and the heat transfer instrumentation, 
installed for the initial experiments. At present, the heater for the hot 
gas supply is being tested. The hot wire probe apparatus is still under 
construction. 
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LIST OF SYMBOLS 
The meanings f o r  &ny of the symbols a re  i l l u s t r a t ed  i n  
the sketches of Figures 2 and 4. 
a,c,j ,  constants i n  equations 
b, the h a l l  width 
D the density difference ra t io ,  (g- fi )I( &) 
Cf, skin f r i c t i o n  coefficient 
g, the gravi tat ional  acceleration, 9.8 m / s  
g' , the reduced gravitational constant, g' Dg 
F, the current flow r a t e  parameter, v/d- 
Fi,  flow r a t e  parameter, v i /dg 'ho ,  note that  
various values fo r  i are  defined below 
ho, the duct height 
h, the current height near the source 
see Figures 2 and 4 
hZ, the depth of ambient f lu id  beneath the source, 
i.e., ho-h2; see Figure 2 and 4 
hh, the height of the head above the current,  
see Figure 2 
H2, the dimensionless depth of ambient f lu id  beneath 
the source, h2/ho 
us the volumetric flow ra t e  per uni t  width of the h a l l  
supplied by the source, i.e., u = V/b , with uni ts ,  mA2/s 
Us the dimensionless value fo r  the volumetric flow r a t e  
per uni t  width of the h a l l  supplied by the source, 
i.e., U = ~ / b J v  
V the normalized current speed based on the current depth, 
v / m  , rather  than on the depth of the duct, ho 
i s  the volumetric flow ra te  supplied by the source 
v,  the velocity of the flow i n  the current i n  the constant 
height region behind the bore, coordinates 
fixed i n  the wall, see Figure 4 
vb, the  ve loci ty*of  bore o r  hydraulic  jump, coordinates 
f ixed i n  wall .  
v f ,  t he  v e l o c i t y  of  f r o n t  o r  head, coordinates f ixed  i n  wa l l  
vw, t he  v e l o c i t y  of the  wave r e f l e c t e d  from wal l  of  h a l l  
vo, t h e  v e l o c i t y  of t h e  flow f a r  upstream of t h e  
head of t h e  cu r ren t ,  coordinates f ixed  i n  the  wa l l  
X, d i s t ance  f r o n t  has moved downstream of source 
X , d i s t ance  a t -which t r a n s i t i o n  t o  viscous regime occurs 
& , displacement th ickness  of the  boundary l aye r  
e , t he  dens i ty  of the  f l u i d  i n  the  current  
, - t h e  dens i ty  of t h e  ambient f l u i d  i n  the  hallway 
t,, the  v i s c o s i t y  of the  f l u i d s  ( taken a s  being equal  f o r  both) 
Subscripts:  
f ,  f r o n t  
b, bore 
2 ,  flow i n  ambient f l u i d  below source 
Superscr ip ts  
( )', prime denotes parameter values i n  a coordinate system wi th  
a r b i t r a r y  v e l o c i t y ,  v2', i n  the  flow beneath the  source 
See s e c t i o n  IV.3.B.v. 
TABLE I: PARAMETERS FOR GRAVITY CURRENT IN A HALLWAY 
I - -  -Uh---C--------------..------------------ 
Hydraulic Jump i 
Figure 1 

r Entrainment at jump 
Figure 3. Alternate Sources 
a. Supercritical Source 
b. Supercritical Source with Secondary Mixing 
c .  Plume Source 
Figure 4. Flow Regimes: (a) Constant Energy; (b) + (c) Unsteady 
and (d) Steady Flow Regime 
'-n tJ3 -'a- t-3 r-4 d 
- I - . I .. 1 3  
hv = (ho - h) v2 
vofho = v'h + v2' (ho - h) 
Figure 6. Galilean Transformation 
Figure 7 .  Impact on End Wall 
